By front-loading of the conventional vehicle testing to engine test bench or even further forward to offline simulations, it is possible to assess a large variation of powertrain design parameters and testing manoeuvres in the early development stages. This entails a substantial cost reduction compared to physical vehicle testing and hence an optimisation of the modern powertrain development process. This approach is often referred to as road-to-rig-to-desktop. To demonstrate the potential of this road-to-rig-to-desktop methodology as a seamless development process, a crank angle-resolved real-time engine model for a turbocharged gasoline engine was built with the simulation tool GT-POWER Ò . The model was validated with measurement data from an engine test bench and integrated into a vehicle co-simulation, which also includes a dual clutch transmission, the chassis, the environment and the automated driver. The most relevant functions of the engine and the transmission control systems were implemented in a Simulink-based software control unit. To verify the engine model in the transient vehicle simulation, two 900-s time windows from a 2-h real driving emission test, representing urban and motorway conditions, are simulated using the developed co-simulation platform. The simulation results are compared with the respective vehicle measurement data. The fuel consumption deviation caused by the combustion engine model is within 5%. The transient system behaviour and the dominant engine operation points could be predicted with a satisfying accuracy.
Introduction
Growing customer requirements regarding comfort and real-world fuel consumption reduction, combined with increasingly stringent emission regulations, lead to higher complexity of modern combustion engines. This results in additional cost, not only for the engine hardware itself but also for the associated development effort for the engine control functions and the following calibration process. In order to shorten the development phase and thus the cost for an entire vehicle development programme, conventional vehicle testing should be front-loaded to engine test benches or even further forward to hardware-in-the-loop and model-inthe-loop simulations. This approach is often referred to as road-to-rig-to-desktop (R2R2D). 1 The main motivation of R2R2D is a seamless system integration and testing process with an early start using virtual components. The benefits could be a multidimensional system optimisation in transient driving condition during concept study and function development 2, 3 or an early determination of component weaknesses in a safe test bench environment close to reality without expensive prototype manufacturing. 4, 5 Even a pre-calibration can be possible to provide the initial parameter sets for powertrain control units. 6, 7 As the simulation models can easily be adapted according to the existing design changes, the virtual testing platform can be maintained up to date during the whole development process.
One of the challenges using the R2R2D concept is the trade-off between accuracy and computational time of the simulated models. While simulation tools such as three-dimensional (3D) computational fluid dynamics (CFD) provide the most accurate modelling for the physical system behaviour, they are too computationally expensive to simulate typical vehicle tests which take from minutes to hours. The simplest modelling approach consists in representing the physical components with data-based characteristic look-up tables.
The disadvantage of such an approach is the requirement of measurement data. The necessary data could be unavailable in case of an early concept study or not enough for a sufficient modelling quality in case of a complex system behaviour.
Between these two approaches, there are simulation tools combining physical functions with phenomenological or empirical models. Such tools provide the opportunity to customise the degree of detailing depending on the application area and project scope so that they are most suitable for the R2R2D system testing. 8 On one hand, building the whole vehicle model including testing environment and keeping it up to date during development, usually means enormous effort. On the other hand, while model-based development is becoming state of the art, there are well-maintained component models existing already in each development phase in most cases. One of the main ideas behind the R2R2D approach is to reuse these models by combining them into a co-simulation scenario. The functional mock-up interface (FMI) as a tool-independent standard, for both model exchange and co-simulation, can be used for the model coupling. 9 Focusing on the combustion engine development, GT-POWER Ò from Gamma Technologies is a good example of the commercial off-the-shelf tools for a model-based design process. Its main simulation scope is on detailed one-dimensional (1D) calculation. Such models focus on several engine cycles and can capture high-frequency dynamic effects, which are important for the engine breathing process and when necessary also for the boosting system. Additionally, a more detailed component analysis is possible through a 1D/ 3D coupling. However, low-frequency zero-dimensional (0D) models or even empirical map-based models can be derived from the detailed models and implemented in simulations for physical processes with longer duration, such as driving cycles and warm-up simulations. This comprehensive application range provides a good reusability of the engine models in the complete development process.
There have been several research activities regarding the engine modelling based on GT-POWER for transient driving cycle simulations in the last decade. Birckett et al. 10 have implemented a detailed 1D engine simulation coupled with a vehicle model and a driver model. The influence of different boosting systems on the transient engine behaviour and further on the driver pedal position and shifting points during the driving cycles has been analysed. Nanjundaswamy et al. 11, 12 have been focusing on hardware-in-the-loop testing and have built a mean value engine model to satisfy the hard real-time requirement. The signals from the vehicle to engine model and engine control unit (ECU) were recorded from vehicle testing. Wu and Li 13 have investigated another simulation approach for hardware in the loop, namely, crank angle (CA)-resolved 0D modelling, using one dummy model from the example library. The real-time capability has been verified on a dSPACE DS1006 simulator. Using the same CA-resolved modelling approach, Cosadia et al. 14 have derived a simplified model from a detailed 1D simulation. The simulation results from the simplified model are consistent with the base detailed model in a driving cycle, with imposed boundary conditions from vehicle measurement, including engine speed and injected fuel mass.
For this article, the simplified, but still CA-resolved modelling approach is chosen, as the simulation speed should be near wall-clock time while achieving a high modelling accuracy. To demonstrate the potential of the R2R2D concept, the engine model is integrated into a vehicle co-simulation platform developed by Klein et al. 15 The platform includes a dual clutch transmission, the chassis, the environment, the automated driver and the most relevant functions of the engine and the transmission control systems. The models are parameterised for an A-segment mini car and have been validated with vehicle measurements including coast down on the test track and new European driving cycle (NEDC) on chassis dynamometer test bench. The closed-loop simulation works with predefined driving manoeuvres and can simulate the interaction between engine, transmission and driver depending on component characteristics and control functions. For a front-loaded vehicle testing, it is a pre-condition that this interaction is close to reality.
This article is structured as follows: It begins with an overview of the system simulation structure, followed by reviewing the combustion engine modelling, including model introduction, model validation, control function implementation and model integration. Finally, an exemplary vehicle simulation under real-drive conditions is implemented and verified with measurement to show the potential of virtual vehicle testing on a desktop personal computer (PC).
System structure
To demonstrate the R2R2D approach, a base cosimulation platform is developed that can simulate transient driving cycles such as NEDC, worldwide harmonised light-duty vehicle test procedure (WLTP) and real driving emissions (RDEs). A co-simulation structure overview is shown in Figure 1 .
The co-simulation is between three simulation tools. Besides the combustion engine modelled in GT-POWER, the Simulink-based Automotive Simulation Models (ASM Ò ) tool suite from dSPACE is used to simulate the vehicle behaviour and characteristics, such as steering, suspension, brake system and aerodynamics. It also provides the possibilities for road and traffic modelling with dedicated tools for customisation and visualisation. The transmission and the drivetrain are simulated in the commercial simulation tool SimulationX Ò from ESI ITI. It is a system simulation tool using the open modelling language Modelica. It provides predefined libraries for 1D rotational and transmission elements.
For set-up of the co-simulation platform, the interfaces between these models have to be defined in the first instance. In this article, the driving torque of the vehicle is calculated within the combustion engine subsystem and is transmitted through the dual clutch transmission to the wheels. Based on this driving torque, the vehicle velocity is calculated by the vehicle dynamics submodule, which defines the rotating speed of the wheels and the crankshaft, accordingly. The FMI standard for co-simulation is used to couple the simulation models with their numerical solvers. The data exchange between the models is restricted to discrete communication time steps. In the time between two communication points, the models are solved independently from each other. 9 Such a 'straightforward' dynamic simulation, including a physical engine model, is different from the mapbased 'backward' simulations, which calculate the engine torque based on vehicle reference speed profile and acquire fuel consumption from the engine map. 16 While the 'backward' simulations work with steadystate conditions and usually do not need any control logic, the 'forward' simulations must work with controllers and can capture transient phenomena in the system influenced by the controller implementation and the component layouts.
For the driving cycle simulation, an automated driver is implemented in the ASM tool suite. It works with a feed-forward part, which calculates the required engine brake torque from the reference acceleration and the driving resistance, and a feed-back loop, which is implemented as a proportional-integral-derivative (PID) controller reacting on the actual deviation of the vehicle velocity. Furthermore, a relatively simple transmission control unit (TCU) is implemented in Simulink for the dual clutch transmission. The TCU controls the torque capacity of both clutches and the four synchronisers and sends the torque requests to the ECU during gear shifts.
Some ECU basic control functions, such as idle control and boost pressure control, are also mandatory for transient engine operation. These functions implemented in the model will be introduced later in section 'ECU'.
Engine model introduction
There are several simulation approaches for combustion engines, which can be implemented for different development phases in V-model, 17 as shown in Figure 2 . Due to the high computational power demand of 3D CFD simulation, it is rarely used to simulate the entire air path. Therefore, the detailed 1D CFD is the state-of-the-art simulation approach for steady-state investigations during engine air and combustion system design process, for example, intake manifold design, valve timing optimisation and turbocharger matching. 
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The air path volume is discretised along the pipe length, with a discretisation length of approximately half of the cylinder bore diameter. Using an explicit flow solver, the solver time step is restricted to below 1°CA 18 by the relatively small discrete spatial grid according to the Courant-Friedrichs-Lewy condition 19 . Hence, the detailed 1D engine models have a high model complexity and a large real-time factor, which is defined as a ratio of the time needed for the simulation calculation and the physical process duration. Taking the simulation tool GT-POWER as an example, the detailed 1D model for engine cycle simulation usually runs 100 times slower than wall-clock time.
Moving from the detailed engine cycle simulation to a driving cycle simulation for virtual system integration and testing, a higher simulation speed becomes essential for the combustion engine model. To fulfil the runtime requirement, a detailed 1D engine model can be turned into a reduced 1D or 0D model. Larger solver time step can be enabled by increasing the discretisation length of the 1D components and combining multiple 1D components to 0D volumes. Larger time steps and fewer sub-volumes reduce the total amount of equations to be solved within one engine cycle. As the highest simulated dynamic wave frequency also decreases with the discretisation level and may lead to model inaccuracy, an adaptation of friction losses and heat transfer could be necessary to maintain the most important simulation results such as boost pressure and volumetric efficiency.
The significant advantage of a 1D/0D reduced engine model compared to map-based mean value model is the maintenance of the CA-resolved cylinder modelling. The volumetric efficiency is still calculated by modelling the gas exchange process. The cylinder pressure is calculated in the same way as in detailed 1D modelling, which usually means combustion heat release calculation based on the Wiebe 20 function and wall heat transfer modelling based on Woschni's correlation 21 . This extension of simulation enables modelling of dynamic interactions between ambient condition, throttle control, valve timing, injection, ignition, engine coolant, turbocharger operation, exhaust gas aftertreatment system and exhaust gas recirculation during driving cycles. The pulsation in engine torque resulting from the cylinder pressure variation can also be used for an acoustic analysis of the whole powertrain.
A comparison of the simulated pumping loop from a 1.5-L, four-cylinder, turbocharged gasoline engine at low-end torque operation (n = 1500 1/min, brake mean effective pressure (BMEP) = 19 bar) between a 1D detailed model and a 0D reduced model is shown in Figure 3 . This operation point is chosen for its critical sensitivity of pressure modelling due to scavenging during valve overlap. The detailed model has a discretisation length around 50 mm and a simulation time step of 0.1°CA. The 0D model has a minimum element volume of 1.3 L and a simulation time step of 3°CA. It runs approximately 30 times faster than the detailed model. Although some delicate high-frequency wave dynamics are missing in the 0D model, the main characteristic pressure change in the exhaust manifold remains the same. This pressure pulsation is essential for volumetric efficiency and turbocharger operation. The scavenging effect can be simulated by the 0D model with a sufficient accuracy.
The 0D combustion engine model in the focus of this article is built for a 0.9-L, three-cylinder turbocharged gasoline engine with port injection and variable valve timing. The reference engine has been measured on a thermodynamic dynamometer test bench with cylinder pressure indication for model validation.
An overview of the model is shown in Figure 4 . The model is optimised for simulation speed. The intake and exhaust ducts are modelled by six sub-volumes between the air filter, the compressor, the cylinders, the turbine and the environment. The minimum volume is 0.62 L. The turbocharger is modelled by characteristic maps over mass flow, pressure ratio, rotating speed and efficiency. The inertia of the turbocharger is considered in the mechanical shaft. The compressor recirculation valve is modelled using an orifice connection. The wastegate is included in the turbine model. The flow properties of the cylinder head according to valve lift are implemented according to detailed measurements taken in the flow laboratory. Wiebe parameters imposed as multidimensional look-up tables based on cylinder pressure indication from engine test bench are used for modelling the combustion processes. Since no engine cooling system is modelled yet, the wall temperature in the system is partly imposed depending on engine power, partly calculated based on the heat capacity of wall materials and ambient temperature. Engine friction is modelled using the Chen-Flynn The engine model has a fixed solver time step of 0.25 ms, which corresponds to 9°CA at 6000 1/min. It runs faster than wall-clock time on a regular Windows laptop with an Intel Core i5 processor. The real-time capability has been demonstrated using a dSPACE SCALEXIO hardware-in-the-loop simulator. 4 From the author's point of view, this model is sufficient to create a base system structure for the driving cycle co-simulation platform. Using this model, the first verification using RDE vehicle measurement can be carried out, and the first investigation on the influence of engine layout on RDE can be implemented. For other investigation aims in the future, the model can be extended individually by changing modelling options or by coupling with other component models, for example, using a predictive combustion model instead of the Wiebe function.
Engine model validation
Before being integrated into the powertrain co-simulation, the 0D engine model is calibrated to steady-state engine test bench data. As most of the model parameters are directly derived from engine specification and component measurements, the main calibration parameters are the wall temperature and the heat transfer coefficient in cylinders and intake as well as exhaust manifolds, respectively. These parameters are hard to measure on a standard engine test bench but have a strong influence on engine volumetric efficiency and turbocharger operation.
To show the modelling quality, the p-V diagram and the pumping loop are shown in Figure 5 for the three engine operation points representing the whole engine map: low-end torque (n = 2000 1/min, First of all, no solver instability issue is notable, even at maximum engine speed. The cylinder pressure, as well as the pressures in the intake and exhaust manifolds, can be simulated with satisfying accuracy resolved over CA within one engine cycle, which ensures a precise calculation of engine indicated efficiency.
Based on the accurate cylinder modelling and a proper calibration of the wall heat transfer in the exhaust manifold, also the exhaust gas temperature can be modelled close to the measurement data. The comparison of temperature upstream turbine at engine full load is shown in Figure 6 , and it can be seen that the maximum temperature is well matched. Good accuracy in modelling the exhaust gas temperature is essential for simulating turbine operation and exhaust aftertreatment system performance.
Last but not least, the comparison of engine brakespecific fuel consumption (BSFC) is shown in Figure 7 . The maximum deviation (around 15%) occurs at very low engine speeds and high engine load. The reason is a higher scavenging effect in the simulation, which results in a lower air-fuel ratio in the combustion chamber, as the air-fuel ratio is imposed after the total air mass flow through the throttle. Another deviation over 12% results at high engine speed and very low engine load, where the ignition delay referenced on CA becomes very long, which is challenging for the combustion simulation. Besides a certain potential of improvements, the model provides a good accuracy with an error below 6% in the primary engine operation area under the real driving conditions and is thus sufficient for the driving cycle simulation.
With sufficient data inputs from engine test bench, hot gas turbocharger test bench and flow laboratory, the combustion engine modelling and calibration process took approximately 100 person-hours. The calibration process of the reduced engine model is noticeably shorter than that of a detailed 1D engine model due to obviously fewer calibration parameters and strongly increased simulation speed. The process duration could be further reduced if a well-calibrated detailed engine model was already available. Additional effort has been taken for the function development and the model integration, which is described in the following sections.
ECU
In addition to the steady-state validation, the engine transient behaviour is essential for modelling of driving cycles. In case of a target vehicle speed profile, the variation in engine transient behaviour affects the driver pedal position, which again has a direct influence on gear shifting and, therefore, results in a different engine operation point. However, the transient response of the engine depends not only on the thermodynamic engine modelling but also on the engine control application and the actuator characteristics. To represent the interaction of an ECU and the engine according to driver torque demand, the following basic control functions are implemented in Simulink:
Throttle angle feed-forward control; Variable valve timing feed-forward control; Idle control using throttle and ignition timing; Wastegate feed-forward and feed-back control of boost pressure; Compressor recirculation valve activation along compressor surge line; Fuel cut according to torque request and engine speed; Torque intervention from TCU during shifting.
The control functions are developed in parallel to the engine model calibration process. An early established co-simulation as model-in-the-loop testing is immensely beneficial for function calibration and application. An example of the system transient behaviour in comparison to engine test bench measurement is shown in Figure 8 as a load step at a constant engine speed of 2000 1/min. The slight difference is mainly due to different control function implementation and parameter calibration in comparison to the hardware ECU. For a model validation point of view, a hardware-inthe-loop test with the original ECU could be a solution to avoid time-consuming reconstruction of the original control functions. 7 However, the hardware ECU would not be available in the early development phases such as concept design and engine layout, on which this article is focusing.
Engine model integration
The engine model built in GT-POWER can be integrated into Simulink model using S-function. There is an adapted solver especially for the real-time application so that the models exported as S-function can be compiled for certain target real-time hardware, for example, dSPACE SCALEXIO. In case another simulation tool is used as a master in co-simulation, the FMI standard for co-simulation can be used for tool coupling. The engine model is then compiled and zipped with an XML description file into a functional mock-up unite (FMU). However, GT-POWER also supports FMU import from other simulation tools and acts as simulation master. 23 As the vehicle simulation tool dSPACE ASM does not support FMU export yet, the engine model is integrated into the Simulink environment. Besides the engine speed and engine control signals as input, the model delivers engine torque, engine fuel mass flow, 50% mass fuel burned point, exhaust lambda, engine friction, turbocharger speed and the temperature and pressure conditions in the intake and exhaust systems as outputs.
The integrated vehicle co-simulation runs around two times slower than wall-clock time in Simulink environment on a regular Windows laptop with an Intel Core i5 processor. The simulation speed is mainly restricted by the vehicle dynamics model in ASM. However, real-time application can be realised using a dSPACE SCALEXIO simulator. 4 
Results verification
The co-simulation platform is a closed-loop simulation with a driver model reacting to predefined driving manoeuvres. Therefore, it can be used to predict the vehicle behaviour in any driving scenario. To verify the simulation accuracy regarding the combustion engine model, one vehicle measurement under real-drive condition is chosen as reference. The test vehicle had a total mass of 1250 kg. The CAN bus was monitored by a CAN adapter. The emissions were measured by a portable emission measurement system (PEMS). The ambient pressure was around 1006 mbar. The ambient temperature was 20°C. The maximum wind speed was 12 km/h, and the weather was dry and cloudy.
The whole test drive took 6911 s and covered a distance of 115 km, including urban, rural and motorway operations. The altitude varied between 80 and 590 m during the test. The driving dynamic is plotted in Figure 9 as vehicle acceleration over driving velocity using data points with 1-s interval, together with the 95 percentile upper boundary defined by the latest draft of RDE legislation. 24 To analyse the engine behaviour separately for low load and high load conditions, two 900-s time windows are chosen from the vehicle test to represent urban and motorway scenarios. The selected data ranges are highlighted in Figure 9 . The average velocity of the urban part is 37 km/h, including vehicle stops. The average velocity of the motorway part is 116 km/h. Both driving profiles are set up in the model with the corresponding altitude profile from global positioning system (GPS) measurement signals.
For the overall comparison of the simulation results to the measured data, the total driving energy is calculated for both cases using torque and rotating speed of the crankshaft integrated over time. This value mainly represents the modelling accuracy of the transmission efficiency and vehicle driving resistance. The driving distance within the given 900 s is used to check the precision of the driver controller, which could influence the energy consumption in case of strong gradients in the road profile. The total fuel consumption as one of the primary results of the simulation is used to rate the modelling quality of the combustion engine.
As the deviation in the total driving energy can have a direct influence on the total fuel consumption and hence affects the valuation of the engine model itself, two simulations are implemented with imposed accelerator pedal positions and engine speeds recorded from vehicle tests in addition to the closed-loop simulations. Since no other input is needed for the combustion engine, these open-loop simulations with playback signals are implemented without the vehicle and the transmission model.
The relative differences of the closed-loop simulations with driver controller and the open-loop simulations with playback signals referred to vehicle tests for urban and motorway are shown in Figure 10 . In the cases with playback of the acceleration pedal position and the engine speed, the idling phases are neglected for the comparison, since the idle controller in the standalone engine model has to be deactivated. As there is no vehicle model, the distance is not calculated.
As it is shown in Figure 10 , the open-loop simulations show only slight deviation to the measurement in the total driving energy, which signifies a precise load control in the reconstructed ECU. The deviations of the simulated fuel consumption to the measurement are within 5% for both urban and motorway. The inaccuracy is partly due to the engine model's steady-state calibration itself, partly due to the different engine operating conditions in the vehicle compared to engine test bench. Extending the model with a cooling system coupled with the cylinder wall temperature and taking the influence of oil temperature on engine friction into account should further improve the modelling accuracy.
In the closed-loop simulations, the deviations in the simulated driven distance to measurement data are below 1%. The vehicle speed profile can be followed precisely by the automatic driver. However, the driving energy shows increased deviation to the measurement compared to the open-loop simulations. This mismatch of the energy leads to an increased simulation error in the fuel consumption. As the driving resistance under real-drive condition can be influenced by temperature, humidity, wind and different road surfaces, a fine calibration of the vehicle dynamic model according to the testing conditions can be beneficial. However, as the vehicle model should be generally valid for different vehicle tests, an adaptation for this particular RDE test has not been implemented.
Besides the overall fuel consumption, the individual engine operation points during the driving scenarios have high relevance for the powertrain design. The engine operation can be analysed using the fuel share diagram, which presents the dominant engine operating areas in the engine map with the most fuel consumption during the whole driving scenario. The fuel share is integrated over time within 125 1/min engine speed and 0.5 bar BMEP grids referred to the total fuel consumption. A comparison of the measured and the closedloop simulated fuel share diagram during both urban and motorway driving is shown in Figure 11 .
Compared to the measurement, the simulated total driving energy is lower in the urban part and higher in the motorway part. Therefore, the dominant engine operating areas in the simulation are slightly shifted to lower engine speed and lower load in the urban part and to higher engine speed and higher load in the motorway part. The fine distribution of the operating points could also be influenced by different reactions of the driver controller compared to a human driver, and particular transient modifications in the shifting strategy due to drivability, which are too complicated to reconstruct for the transmission control in the co-simulation. Despite the mentioned deviations, the engine operation characteristic during both driving scenarios can be predicted with a sufficient accuracy.
The main advantage of a 0D engine simulation in the vehicle co-simulation compared to a map-based solution is the modelling of the internal engine process during the transient driving profile, including CAresolved temperature, pressure, mass flow and the indicated torque on the crankshaft. These detailed simulation results can be used to verify and optimise the main components within the engine air path. For example, the simulated engine cycle averaged operating points of the turbocharger compressor are shown in Figure 12 . The compressor is operating at a higher rotating speed and pressure ratio on the motorway and hence closer to the area of optimum efficiency. With this simulation platform, the influence of a turbocharger adaptation on the engine operation and vehicle behaviour during driving cycle can easily be analysed by changing the turbocharger characteristic maps and turbocharger inertia. By extending the co-simulation platform with electric components such as generator and battery, also electrified engine boosting systems and their electric energy consumption can be investigated in various driving conditions. 25 
Summary
Within the scope of the R2R2D approach, conventional vehicle testing can be front-loaded to the engine test bench and further to offline simulations, to ensure an early system integration and validation. A seamless toolchain for component modelling in the development process is required to reduce modelling effort and improve simulation accuracy.
In this study, a CA-resolved real-time capable 0D combustion engine model is set up in the simulation tool GT-POWER and integrated into a co-simulation platform including simulation models for the transmission, vehicle dynamics and driving environment. Basic control functions for engine and transmission, together with a driver controller, are implemented to ensure a closed-loop simulation reacting to the reference driving manoeuvres.
To verify the engine model in transient operation, two speed profiles from an RDE vehicle measurement, representing urban and motorway driving conditions, are used as reference driving profiles in the simulation. Using a stand-alone engine model with playback signals of the accelerator pedal position and engine speed, the deviation of simulated total fuel consumption to measurement data is under 5% for both urban and motorway operations. The closed-loop co-simulations show larger deviations mainly due to the inaccuracy in the vehicle dynamics model. Nevertheless, the main engine operation areas in the engine map show good accordance with the measurement data. The usability of this engine model in the system testing phases could be approved. The effort of the model calibration and adaptation has been shown to be acceptable. The 0D engine model can be derived from the detailed 1D-models with a customised level of simplification according to the runtime requirement. In the development process, such combustion engine models integrated into the powertrain co-simulation platform can be used to evaluate different concept layouts, define component requirements, predict engine behaviour and fuel consumption, test control functions or even support pre-calibration of the ECUs. The engine model can easily be extended by co-simulation and continually adapted in parallel to engine test bench measurements.
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